Metal-to-insulator crossover and pseudogap in single-layer compound 
Bi2+a:Sr2_2^^Cui+y06+(5 siuglc crystals in high magnetic fields 
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The in-plane pab{H) and the out-of-plane pc{H) magneto-transport in magnetic fields up to 28 T 
has been investigated in a series of high quality, single crystal, hole-doped La-free Bi2201 cuprates 
for a wide doping range and over a wide range of temperatures down to 40 mK. With decreasing hole 
concentration going from the overdoped (p=0.2) to the underdoped (p=0.12) regimes, a crossover 
from a metallic to and insulating behavior of pab{T) is observed in the low temperature normal state, 
resulting in a disorder induced metal insulator transition. In the zero temperature limit, the normal 
state ratio pc(H) / pab{H) of the heavily underdoped samples in pure Bi2201 shows an anisotropic 
3D behavior, in striking contrast with that observed in La-doped Bi2201 and LSCO systems. Our 
data strongly support that that the negative out-of-plane magnetoresistance is largely governed 
by interlayer conduction of quasiparticles in the superconducting state, accompanied by a small 
contribution of normal state transport associated with the field dependent pseudogap. Both in the 
optimal and overdoped regimes, the semiconducting behavior of pc{H) persists even for magnetic 
fields above the pseudogap closing field Hpg. The method suggested by Shibauchi et al. (Phys. 
Rev. Lett. 86, 5763, (2001)) for evaluating Hpg is unsuccessful for both under- and overdoped 
Bi2201 samples. Our findings suggest that the normal state pseudogap is not always a precursor of 
superconductivity. 

PACS numbers: 74.72.Hs, 74.60.Ec, 74.25. Ey 



I. INTRODUCTION 

The electrical transport, notably the interlayer trans- 
port, of the layered high-Tc superconductors (HTS) 
shows anomalous properties related to the quasi two- 
dimensional structure which have been studied very ex- 
tensively in recent years. In the normal state the in- 
terlayer conductivity gives information on the quasipar- 
ticle propertiesi. This behavior of the quasiparticles is 
anomalous in the normal state of the HTS, which is of im- 
portance for elucidating the yet to be understood mech- 
anism of superconductivity. The understanding of the 
fundamental interlayer transport properties of HTS is a 
challenging physical problem in its own right. 

One of the unusual features of the normal-state prop- 
erties is the coexistence of a metallic-like tempera- 
ture dependence of the in-plane resistivity pab and a 
semiconducting-like behavi or fo r the out-of-plane resis- 
tivity pc (see e.g. Refs. 011 )■ 

The very different 

behavior of the resistivities pab and pc implies a 2D 
confinement and is a priori incompatible with a Fermi- 
liquid behavior^. Over the last few years, many the- 
oretical and experimental investigations have been de- 
voted to the transport properties of HTS. In particular, 
in the temperature region showing the semiconducting- 
like c-axis resistivity, most compounds reveal a negative 
out-of-plane magnetoresistance: the Bi2Sr2CaCu208+5 
(Bi2212)ii6iWdo, the La2-:.Sr:,Cu04 (LSCO>iMi, and 



the La-doped Bi2Sr2_a;Laa;Cu06+5 (BSLCO) systemS*H. 

The observed semiconducting-like Pc{T) and negative 
out-of-plane magnetoresistance have been discussed in 



terms of different models, such as c-axis tunneling with 
a strong suppression by charge fluctuations excited in 
the process of tunnelingi^, c-axis hopping with inter- 
planar scattering^^, a reduction of the density of states 
due to superconducting fluctuations^'^'- , and a pseudo- 
gap and/or spin gap opening in the density of states^ii. 
This is another striking feature of HTS. Of particular 
interest in the physics of carriers in strongly correlated 
and disordered systems to which HTS belong is the coex- 
istence of superconductivity and localization. The latter 
phenomenon is one further peculiarity of HTS. Disorder 
in a metallic system can cause localization of the elec- 
tronic states and lead to a metal-insulator transitioniSi. 

The metal-insulator transition has been ob- 
served in the superconducting systems LSCO^® and 
Pr2_2:Ce2:Cu04+i^^ at optimal doping and BSLCO 
well inside the underdoped regimei^. The insulating 
behavior in these systems is characterized by an in-plane 
resistivity Pab{T) which increases as log(l/r). These 
results demonstrate that the metal-insulator crossover 
in cuprates should not be universally associated with 
doping but rather with the observation of a unified 
log(l/T) temperature dependence of the resistivity 
suggesting a peculiar charge localization in the above 
mentioned cupratesi^. 

It is difficult to obtain an overall picture of the 
metal-insulator transition in cuprates because only 
three systems have been studied, with strikingly dif- 
ferent results obtained for the metal-insulator crossover 
for BSLCO when compared to those for LSCO and 
Pr2^2;Ce2:Cu04+5. The anomalous transport should be 
more noticeable in the vicinity of the metal-insulator 
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transition and in the T — > limit, suggesting the exis- 
tence of a close link between charge transport and strong 
electron correlation. However, up to now the behavior of 
cuprates in the normal state in the T limit remains 
an open issue. 

One of the unresolved, but all-important issues of 
high temperature superconductivity, is the connection 
of normal state correlations cited above, and referred 
to as a pseudogap, to the origins of the high T^.-®. 
Many experiments (e.g. nuclear magnetic resonance^, 
photoemission^^, tunncling^^) have provided evidence 
that in the normal state of underdoped HTS, a pseu- 
dogap exists in the electronic excitation spectra below a 
temperature T* > T^- This leads to a semiconducting- 
like behavior of the c-axis resistivity below T* . Photoe- 
mission experiments (ARPES) have seen d-wave symme- 
try in the pseudogap structur^iS,. In scanning tunneling 
measurements on Bi2212, Renner et al^ have found this 
pseudogap to be present both in underdoped and over- 
doped samples, and to scale with the superconducting 
gap. Certain groups have proposed, that the pseudogap 
in the normal state can be seen as a precursor for the 
occurrence of superconductivity where the superconduct- 
ing phase-coherence is suppressed by thermal or quantum 
fluctuations, e.g. Rcfs. 22.23 24]. More recently, from in- 
terlayer tunneling spectroscopy in the Bi2212 system, ev- 
idence for a definite difference between the superconduct- 
ing gap and the pseudogap has been obtained^^ . This re- 
sult is further reinforced by nuclear magnetic resonance 
measurements^ on the underdoped cuprate YBa2Cu408 
(Tc = 74 K) which showed that a magnetic field of 23 T, 
while reducing Tc by 23%, has no effect on the pseudo- 
gap, suggesting that it has a distinct origin from that of 
the superconductivity. 

In the case of a non-superconducting origin, a pseu- 
dogap can be formed in the spin-part of the excitation 
spectrum in the context of spin charge separation. In 
studies of the magnetic field dependence of the spin gap 
in the near optimally doped YBa2Cu307 in the nor- 
mal stateSL2& probed using the spin lattice relaxation 
rate, contradictory results were obtained. On the one 
hand, in an intensive study of the anisotropic trans- 
port on the Bi2212 systemSS, the authors found that 
the onset of semiconducting- like Pc{T) does not coin- 
cide with the opening of the spin gap seen in the in- 
plane resistivity Pab{T). The pseudogap opening tem- 
perature, on the other hand, coincides with the onset of 
the semiconducting-like behavior observed in Pc{T) on 
the YBa2Cu307 system. Since the normal-state prop- 
erties in the high-Tc superconductors are known to de- 
pend strongly on the carrier concentration, the reported 
transport and magnetotransport data in the normal state 
cannot be easily categorized to form a common picture. 
There is currently no consensus concerning at what tem- 
perature the pseudogap opens^. An experimental in- 
vestigation of the possible correlation between the pseu- 
dogap and the out-of-plane magnetoresistance in layered 
HTS at high magnetic fields is therefore of crucial impor- 



tance. 

In previous measurements^ we have studied the c-axis 
magnetoresistance in the La-free Bi2+a:Sr2.^a;Cui+j^06+5 
(Bi2201) single crystals with Tc — 9.5 K under magnetic 
fields up to 28 T and over a temperature range 6 — 100 
K. The observed isotropic behavior of the normal-state 
magnetoresistance with respect to the orientation of the 
magnetic field (perpendicular and parallel to the Cu02 
planes) shows that only the effect of the magnetic field 
on the spins (Zeeman effect) is important in the nor- 
mal state. Such a result makes it difficult to explain the 
negative magnetoresistance with models based on super- 
conductivity involving superconducting fluctuations or a 
pseudogap as a precursor of complete superconductiv- 
ity. Shibauchi et alm^ have reported c-axis resistivity 
measurements in fields up to 60 T in underdoped and 
overdoped Bi2212 crystals, from which they made a first 
evaluation of the pseudogap closing field Hpg. These re- 
sults again indicate the predominant role of spins over 
orbital effects in the formation of the pseudogap. How- 
ever, because of the high Tc = 67 — 78 K and very high 
upper critical field, Hc2, for Bi2212 crystals the available 
60 T field was insufficient to suppress superconductivity 
at low temperatures and to evaluate Hpg, the authors^ 
were forced to extrapolate their data. Direct measure- 
ments of Hpg were performed only at T > 95 K. So far 
as little is known about the effect of magnetic field, the 
H dependence of the pseudogap in HTS remains highly 
controversial. 

In this paper we present, to our knowledge, the first 
measured temperature dependence for both the in-plane 
Pab and the out-of-plane pc resistivities and magnetore- 
sistivities Pab{H) and Pc{H) in hole-doped La-free Bi2201 
cuprate at under, and optimal doping concentrations, 
and over a wide range of temperature down to 40 mK. 
Due to the lack of a sufficient amount of Bi2201 single 
crystals and especially crystals with different doping lev- 
els, the transport properties of this system have not pre- 
viously been investigated in detail. Owing to the low 
critical temperature of Bi2201, 25 T magnetic fields are 
sufficient to suppress superconductivity in these samples 
in the T — > limit, even at optimal dopingS^. We have 
suppressed superconductivity in single crystals using a 
28 T resistive magnet at the Grenoble High Magnetic 
Field Laboratory, in order to measure the in-plane Rab 
and the out-of-plane Rc resistances in the normal state 
in magnetic fields applied perpendicular and parallel to 
the a6-plane. 



II. EXPERIMENT 

It is known, that the stoichiometric composition 
Bi2201 is an insulating phase, and that single-phase su- 
perconducting crystals can be obtained by replacing Sr 
with either Bi or La^^. In a compound, the optimal 
cation states for Sr, La and Bi, are Sr^+, La*^"*" and 
Bi'^+, respectively. Therefore, the substitution of triva- 
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TABLE I: Summary of the properties of the investigated single crystals determined as described in the text: The carrier 
concentration per Cu atom (p), actual cationic compositions (Bi:Sr:Cu), ratios Bi/Sr, critical temperature (Tc), lattice parameter 
(c), disorder parameter (kpl), pseudo gap closing field (Hpg), and the functional form of the magnetic field dependence of pc{H). 



p 


Bi:Sr:Cu 


Bi/Sr 


Tc (K) 


c(A) 




Hv, (T) 


Functional form of pc{H) 


0.12 


2.66:1.33:0.85 


2.0 


2.3 


24.57 


0.6 


> 30 


pc{H) ~ pco + axH 


0.13 


2.62:1.38:0.87 


1.9 


3 


24.575 


7 


> 30 


Pc{H) ^ p^o + a2H + biH'^ 


0.16 


2.39:1.61:1.02 


1.48 


9 


24.59 


20 


~ 21 


PciH, T) = pco + as eM~H/hT) 


0.17" 


2.31:1.69:1.12 


1.37 


9.6 


24.61 








0.2 


2.10:1.90:1.14 


1.1 


6.7 


24.63 


49 


~ 16 


Pc{H, T) = pco + ai expi-H/hT) 



"Complete Pab{H) and pc{H) data is unavailable for this sample 
so that we are unable to estimate all parameters. 



lent La or Bi for divalent Sr in the BSLCO or in the 
La-free Bi2201 samples reduces the hole concentration 
in the Cu02 planes. For the Bi2201 samples, Fleming 
et alM' and Harris et alm^ found that as the Bi/Sr ra- 
tio increases, and one moves toward the bottom of the 
phase diagram of the solid solution, the number of holes 
doped into the system decreases, which thus pushes the 
system towards the hole-underdoped regime. The lower 
Tc, together with the larger residual resistivity of Bi2201 
in comparison with BSLCO (the maximum Tc is 38 K^*) 
apparently suggests that the disorder due to (Sr,Bi) sub- 
stitution is stronger in Bi2201 than the disorder due to 
(Sr,La) substitution^^. 

We were able to make high quality single-phase super- 
conducting Bi2+a;Sr2-a: Cui+yOe+s single crystals in the 
range of 0.1 < a; < 0.7, provided that the Cu content was 
slightly increased^SiSS. The investigated Bi2201 single 
crystals were grown by a KCl-solution-melt free growth 
method. A temperature gradient along the crucible re- 
sults in the formation of a large closed cavity inside the 
solution- melt. In this case, the crystals are not in direct 
contact with the solidified melt in the crucible, thereby 
avoiding thermal stresses during cool down. The crystals 
were grown in the temperature range 830 — 850 °C. The 
crystals had a platelet-like shape and mirror-like surfaces. 
The several tens of crystals grown in such a cavity, when 
characterized, are found to have almost identical proper- 
ties. The quality of the crystals was systematically veri- 
fied by measurements of the dc resistance, ac susceptibil- 
ity. X-ray diffraction and scanning electron microscopy. 
To summarize the properties of the investigated crystals, 
we have regrouped in Table J] the data of p (carrier con- 
centration per Cu atom), actual cationic compositions, 
ratios Bi/Sr, Tc, and lattice parameters c. 

The X-ray diffraction measurements were performed 
using a double-axis diffractometer. A CuKq, radiation 
monochromatized by a pyrolytic graphite crystal was em- 
ployed. Both 9- and 26'-scans of the (00/0) sublattice re- 
flections and the (00/ ± 1) satellite reflections were used 
to assess structural perfection. These measurements were 
carried out before and after low-temperature experiments 
in magnetic fields. The half- width of the sublattice re- 
flections in the X-ray rocking curves for the optimally 
doped single crystals consisting of two or three blocks 



did not exceed 0.3°, whereas for the crystals consisting 
of one block only (with dimensions of only 0.3 x 0.3 mm^) 
it was less than 0.1°. This value is close to a resolution 
limit of a diffractometer. Both the {6 — 29)- and 9- X-ray 
diffraction profiles of the sublattice show no detectable 
structural defects. Thus, it can be concluded that even 
the sublattice contains no small-angle boundaries. For 
example, the half-width of both the main profile (0016) 
and the satellite reflections (00151), (00151)' in the X-ray 
rocking curves for the heavily underdoped single crystal 
with p = 0.13 (with large the Bi excess) was about 0.2°. 

The composition of the crystals was studied using a 
Philips CM-30 electron microscopy with a Link analyti- 
cal AN-95S energy dispersion X-ray spectrometer. The 
actual cationic compositions of each investigated crystal 
were measured at several different places on the crystal 
and the scatter in the data was less than 7%. Com- 
plementary measurements of our Bi2201 single crystal 
composition performed at the Material Science Center, 
University of Groningen (The Netherlands) have shown 
that our crystals are slightly underdoped due to oxygen 
depletion. 

The dimensions of the crystals were (0.4 — 0.8) mm x 
(0.5 - 1) mm X (3 - 10) fj.m. The Tc value of the 
crystals formed by our free growth method can be as 
high as 13 K. However, we have found that the high- 
est quality superconducting Bi2201 single crystals have 
a very narrow range of values of the lattice parameters 
a = 5.360 - 5.385 A and c = 24.57 - 24.63 A. In this case 
the Tc (midpoint) values of the crystals lie in the region 
3.5 — 9.5 K in agreement with previous studiea^SiiS. The 
transition width defined by the 10% and 90% points of 
the superconducting transition of crystals ranged from 
0.5 to 1.7 K. 

It is known, that overdoping or underdoping of 
Bi2Sr2CaCu208+5 can be achieved by cation substitu- 
tions or by changes in the oxygen contenliiii^. However, 
in the low-Tc Bi-based phase Bi2201, we have found that 
it is difficult to change the number of holes, because it 
is difficult to change the oxygen content. We have per- 
formed many attempts to change the Tc of single crystals, 
after changing the doping level, by means of an annealing 
in oxygen or argon at different temperatures. However, a 
careful characterization of the annealed samples revealed 
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that changes in Tc greater than ±1 K, were always ac- 
companied by a severe degradation of the sample quality 
and the occurrence of phase inhomogeneity in agreement 
with previous studies^. Most likely this is due to the 
fact that our crystals are close to the decomposition line. 
For this reason, in the following measurements, we used 
only high quality as-grown single crystals. For the inves- 
tigation, samples with different Tc values were obtained 
by growing crystals with a different Bi content. 

A four-probe contact configuration, with symmetrical 
positions of the low-resistance contacts (< Ifl) on both 
a6-surfaces of the sample was used for the measurements 
of Rab and Rc resistances. The temperature and mag- 
netic field dependence of the resistances Rab{T,H) and 
Rc(T,H) were measured using a lock-in amplifier driven 
at «10.7 Hz. The measured resistances were then trans- 
formed to the respective resistivities Pab and Pc using the 
crystal dimensions and the ratio of R2/R1 in the thin 
sample limit of the Montgomery technique^. For the low 
temperature magnetotransport measurements, the crys- 
tals were placed directly inside the mixing chamber of a 
Kelvinox top-loading dilution fridge and studied with the 
magnetic field H applied cither parallel or perpendicular 
to the c -axis. A configuration with H ± J and H || J 
for the in-plane transport current J was used. For the 
out-of-plane transport current, the magnetic field H was 
applied both parallel to the c-axis and parallel to the 
a6-plane in the longitudinal (H || c || J) and transverse 
(H _L c II J) configurations. 

The carrier concentration per Cu atom, p, in the Bi- 
based HTS cannot be unambiguously determined be- 
cause the Bi ion does not have a fixed valency''^. How- 
ever, Ando et al.^^ have shown that the normalized Hall 
coefficient RneN/Vo of various cuprates agree well in 
the temperature range 150 - 300 K and the data of 
La2_2;Sr2;Cu04, for which p is unambiguous, can be used 
to estimate the doping level in other systems. Here e, N 
and Vq are the electronic charge, the number of Cu atoms 
in the unit cell and the volume associated with each Cu 
atom, respectively. 

In order to estimate the carrier concentration in our 
samples, following the method proposed by Ando et alm^, 
we have measured the Hall coefficient Rh in several 
crystals^S^i and compared the magnitudes of the nor- 
malized Hall coefficientii with the values reported for 
LSCOi^.. Subsequently, we estimated p in other samples 
using the empirical (nearly linear) relation between the 
excess Bi, x, and p. In the inset of Fig.Q] we show the val- 
ues of Tc (closed circles) plotted vs p for our Bi2201 single 
crystals (the dashed line is shown a guide to the eye). It 
was found that optimum doping occurs at p ~ 0.17 be- 
low which Tc{p) shows a rapid drop as for the BSLCO 
system;--. As can be seen in Fig. ^ our samples are ba- 
sically in the optimally doped and underdoped side of 
the phase diagram and the data show the well-known 
parabolic behavior. 
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FIG. 1: Temperature dependence of the in- plane resistivity 
(pab) as function of temperature for Bi2201 samples with dif- 
ferent hole concentrations. The inset shows the critical tem- 
perature for superconductivity (Tc) determined from p^h as a 
function of hole concentration. 



III. METAL-INSULATOR CROSSOVER AND 
ABSENCE OF A log(l/T) DIVERGENCE IN 
BOTH p„6 AND pc 

A. In-plane resistivity pah 

In Fig. ^ (main panel) we show the temperature de- 
pendence of the in-plane resistivity pab for five single 
crystals with Tc = 2.3, 3, 6.7, 9.6 and 9 K (midpoint) 
at zero magnetic field for p values between 0.12 and 0.2. 
One can see that as for other cuprates, the magnitude of 
Pab(T) increases with decreasing carrier concentration. 
The resistivity curves give an almost linear temperature 
dependence for the optimally doped sample, positive cur- 
vature for the overdoped sample typical for other over- 
doped cuprates, and linear temperature dependence for 
the underdoped samples with a characteristic upturn at 
low temperatures ("semiconducting behavior"). 

Fig. 121 shows a semi- logarithmic plot of Pab{T) at vari- 
ous fixed magnetic fields for selected samples from Fig.Q] 
in order to emphasize the low-temperature behavior. Be- 
cause the 20 and 27.5 T data are almost identical, we 
believe that we are measuring the true normal-state re- 
sistivity at our highest magnetic fields, pab for two under- 
doped samples, p = 0.12 (a) and 0.13 (b), goes through 
a minimum and then at temperatures T 30 K (a) and 
T w 10 K (b), increases as log(l/T) as the tempera- 
ture decreases, consistent with the onset of localization^. 
This behavior is in agreement with the results of Ono et 
ali^, who found a logarithmic divergence of pab{T) in 
underdoped BSLCO and LSCO samples. The log(l/T) 
dependence of Pab(T) reported by Ono et ali^ extended 
over temperatures from 30 to 0.3 K without any sign of 
saturation at low temperatures. However, as can be seen 
from Fig.|2Ia) and (b), pab in Bi2201 shows a downward 
deviation from a log(l/T) dependence at ultra low tem- 
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FIG. 3; In-plane resistance as a function of magnetic field 
applied along the c-axis (a) and in the ab plane (b) measured 
at different temperatures for the underdoped Bi220I sample 
with p=0.12. 



FIG. 2: Semi-log plot of pab versus temperature for vari- 
ous magnetic fields applied along the c-axis for four Bi220I 
samples with different hole concentrations 



peratures, T — 0.04 — 0.2 K, in very high fields. This 
deviation cannot be related to the proximity of the su- 
perconducting transition since the behavior of Pab{T) in 
magnetic fields of 20 T and 27.5 T in Fig. I^Ja) and (b) 
is identical. Moreover, the data at 27.5 T in Fig. Efb) 
actually lie below the 20 T data. We interpret the ob- 
served onset of the saturation of pab, as a suppression of 
the localization by the magnetic field. 

One can see in Fig. |2ta) that in the most underdoped 
sample with p = 0.12 at zero magnetic field there is the 
weak upturn in the region 3 — 4 K, which we believe is 
a consequence of a competition between superconductiv- 
ity and localization. To illustrate this, we show in Fig. O 
the magnetic-field dependence of Rab for the same sample 
with p = 0.12 for temperatures from 40 mK to nearly 6 K 
for magnetic fields perpendicular (a) and parallel (b) to 
the a6-plane. The considerable difference in the Rab{H) 
curves between the two field orientations is a direct con- 
sequence of the anisotropy of the upper critical field in 
Bi2201 due to a difference in the orbital effect of the mag- 
netic field on the one hand, and because the effect of the 
magnetic field on the localization is weaker for the par- 
allel geometry on the other handSi. As can be seen from 
Fig-EJb), at r = 3 K and 2.1 K, a negative magnetoresis- 
tance appears which results from the gradual suppression 



of localization effects by the magnetic field. This negative 
magnetoresistance also exerts some influence on the other 
Rab{H) curves at lower T, that is to say, the localization 
effects still persist. In the perpendicular geometry, the 
magnetic field suppresses rapidly the superconductivity 
and the competition between superconductivity and lo- 
calization is not observed. Although the localization also 
exerts some influence on the Rab{H) curves in Fig.lSfa) 
(curves have a pronounced break-points in the deriva- 
tive). Hence, we believe that the weak upturn in the 
zero-magnetic field pab in Fig- 13a) is due to a competi- 
tion between superconductivity and localization. Never- 
theless, a sample inhomogeneity on atomic scale because 
of the heavy doping and proximity of the isolating phase 
cannot be ruled out as a possibility at this composition. 

The negative magnetoresistance for the longitudinal 
geometry itself presents an additional difficulty for stan- 
dard interaction theory. The same anomalous negative 
magnetoresistance for the longitudinal geometry at low 
temperatures has been observed previously in the non- 
superconducting Bi2201 single crystals by Jing et alm^. 
Since the authors^ considered this phenomenon in de- 
tail, we will not discuss this topic further. However, it is 
important to note that in the second most underdoped 
sample with p — 0.13 the negative longitudinal magne- 
toresistance is not observed in spite of the fact that the 
Pab at T < 10 K in Fig. E^b) increases as log(l/T) and 
the localization persists. The data in Fig. El and Fig. |3 
shows that the role of disorder in the field-induced normal 



6 



state of underdoped cuprates remains an open question. 
Further experiments are needed to reliably determine the 
low-temperature variation. 

In contrast, pab(T) for the slightly underdoped and 
overdoped samples with p = 0.16 Fig.|2c) and 0.2 Fig. [21 
(d) is constant below 5 K and clearly shows a metallic be- 
havior in the normal state. This data is in full agreement 
with the behavior of Pab{T) in BSLCO and LSCO sys- 
tems. Thus, it seems likely that the metal-insulator tran- 
sition in Bi2201 lies in the underdoped region {p < 0.16) 
as for BSLCO. The observed metallic behavior gradually 
changes to an insulating behavior with decreasing carrier 
concentration. 

In a 2D system the disorder parameter given by kpl, 
where kp is the Fermi wave vector and I the elastic scat- 
tering length, may serve as a measure of the disorder in 
the material^^. From the residual resistivity pab{T 0) 
in Fig. 13 and the lattice parameter c we determined the 
disorder parameter in the a6-plane {kFl)ab — 0.6, 7, 20, 
and 49 for samples with p = 0.12, 0.13, 0.16, and 0.2, re- 
spectively. For the samples with p > 0.16, {kpl)ab » 1 
and a true metallic conduction in the Cu02 layers takes 
place, whereas the sample with p=0.12 clearly shows 
log(l/r) behavior starting from T ~ 30 K where the 
value of pab is consistent with {kpVjab = 1-3 (it is impor- 
tant to note that the Mott limit corresponds to kpl — 1). 

According to the optical data obtained by Tsvetkov et 
alm^ on our Bi2201 single crystals, the effective mass in 
the a6-plane is m* = 3mo where rrio is the free-electron 
mass. Using this value of m* together with the carrier 
density we can calculate kp and hence I = 60 and 145 A 
at 10 K for the samples with p — 0.17 and 0.2, respec- 
tively. This clearly indicates that the optimally doped 
and underdoped Bi2201 crystals are clean superconduc- 
tors. For these calculations we have assumed a cylin- 
drically shaped Fermi surface with a highly anisotropic 
dispersion relation^"^. 

The large increase of pab is striking when compared 
with the small change in Tc when the hole doping p is 
changed from 0.13 to 0.12. This phenomena is not ob- 
served in the BSLCO system, which supports the sug- 
gestion of Ono et al?'' , that the disorder associated with 
(Sr,Bi) substitution is more harmful to the electronic sys- 
tem than the disorder due to (Sr,La) substitution. It is 
also possible that this results from the proximity of the 
isolating phase near the bottom of the phase diagram. 



B. Out-of-plane resistivity pc 

Fig. 2] (main panel) shows the temperature dependence 
of the out-of-plane resistivity pc at zero magnetic field 
for four single crystals shown in Fig. ^ The inset in 
Fig- E plots Pc[T) on a semi- logarithmic scale to equally 
show the behavior of all the samples. As for the case of 
Pab{T), with decreasing p, the overall magnitude oi Pc, in- 
creases as its "semiconducting" temperature dependence 
becomes less marked. The exception is the overdoped 
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FIG. 4: c-axis resistivity pc as a function of temperature for 
Bi2201 samples with different hole concentrations. The inset 
shows the same data plotted on a semi- log scale. 



sample with p — 0.2, for which the p^ value is larger than 
Pc of the sample with p — 0.16 and this sample already 
shows a "metallic" temperature dependence of pc at high 
temperatures. Such behavior at high temperatures is of- 
ten observed in overdoped cuprates. The larger value of 
Pc in the overdoped sample Bi2201 is likely due to an 
excess of Bi and suggests a larger disorder in the elec- 
tronic system compared to the in plane disorder in the 
same sample probed by pab- In all the underdoped crys- 
tals studied, we found that Pc{T) at = T varies as a 
power law T~" over the temperature range T = 3 — 300 K 
with a = 0.7- 1.6. 

A logT plot of Pc at various fixed magnetic fields 
for samples from Fig. 0] is shown in Fig. |S1 in order 
to emphasize again the low-temperature behavior. A 
strong magnetic-field induced suppression of the low- 
temperature upturn can be observed. In addition, pc{T) 
for the case of the slightly underdoped or overdoped crys- 
tals shows a tendency to saturate. One can see that the 
log(l/r) behavior of the pc in the normal state gradually 
changes to a metallic-like behavior with increasing car- 
rier concentration. The onset of this behavior in Pc{T) 
moves to higher temperatures with increasing carrier con- 
centration. Our data in Fig. |21 are in striking contrast 
to the behavior of Pc{T) reported for the underdoped 
LSCO samples^^ and the slightly overdoped BSLCO sin- 
gle crystals^, which exhibited a log(l/T) divergence in 
the normal state at T ^ Tc (for temperatures up to 0.66 
K). The metallic-like temperature dependence of the in- 
plane resistivity pab and a semiconducting-like behavior 
for the out-of-plane resistivity of pc reported by Ando 
et al.^ suggested that the c-axis transport is uncorre- 
lated with the in-plane transport. On the other hand, 
the same log(l/T) divergence of Pc{T) and PabiT) in the 
underdoped LSCO samples gave the authors of Ref. [ |^ 
additional evidence against 2D localization. However, as 
is clear from Fig. [S] we do not have any evidence for a 
log(l/r) divergence at low temperatures in underdoped 
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FIG. 5: pc as a function of temperature and measured at 
various magnetic fields applied parallel to the c-axis for Bi2201 
samples with different hole concentrations 



Bi2201 single crystals, and the out-of-plane resistivity pc 
of the slightly underdoped and overdoped Bi2201 sin- 
gle crystals below Tc in the highest applied fields shows 
almost no temperature dependence. This implies that 
the carrier-transport mechanism in the low-temperature 
limit, T/Tc — » 0, is the same for the ab and c directions. 
We note that Morozov et ali^. have also observed a near 
saturation of pc for a Bi2212 crystal in the temperature 
region 22.5 - 30 K at 55 T. 

A parameter more often used than pc to characterize 
the interlayer coupling is the anisotropy of the resistivity 
Pel Pah- The largest anisotropy ratio found here is pd Pah 
is 2.2 X 10'' just above Tc. We find that the anisotropy 
ratio in zero-magnetic field for samples is strongly tem- 
perature dependent except for the most underdoped sam- 
ple with p — 0.12 for which pd Pah is significantly less 
and depends only slightly on temperature, probably due 
to the localization or enhanced disorder at this doping 
level. Such behavior is in agreement for the most part 
with the results of Wang et aL^^ and Ando et al^t^ pre- 
viously reported for BSLCO samples and implies that at 
high temperatures the mechanisms governing transport 
along and perpendicular to the Cu02 plane are different. 
However, the normal-state anisotropy ratio pd Pah at low 
temperatures in very high magnetic fields becomes prac- 
tically temperature independent for all samples. This 



behavior is in distinct contrast to Ref.fB'l where pd Pah of 
BSLCO crystals continued to increase below providing 
evidence for the non-Fermi-liquid nature of the system. 
On the other hand, this result is consistent with data for 
the underdoped LSCO samples reported in Refs. |il6i53| . 
The saturation of the ratio pd Pah suggests that at low 
temperatures pah and pc in very high magnetic fields are 
related, which is probably indicative of the anisotropic 
three-dimensional charge transport in this region induced 
by the magnetic field. In view of the remarkable differ- 
ence between the temperature dependence of pd Pah in 
Bi2201, BSLCO and LSCO, we do not want discuss here 
this topic more fully. 



C. Pseudogap 

According to Ref.0], the interlayer transport results 
from a tunneling process and quasiparticle tunneling 
dominates at higher fields. Since pc can give information 
about the quasiparticle density of states in the presence 
of a pseudogap, below we will discuss the pc magnetore- 
sistivity at high fields in our samples. The suppression of 
a semiconducting-like temperature dependence for Pc(T) 
can be interpreted as the magnetic-field induced suppres- 
sion of the pseudogap, previously observed at tempera- 
tures above 5 K for slightly underdoped Bi2201 crystals 
with Tc = 9.5 K^i and in highly overdoped Bi2212 single 
crystalsiSg, at T > 20 K {Tc « 60 K). 

In Fig. we plot Pc{H) versus magnetic field for four 
Bi2201 single crystals. For completeness in Fig. El (c), 
we also display our data for the slightly underdoped 
(p = 0.16) sample^. The inset in Fig.|Hl(c) shows the rel- 
ative variation Apc/pco = [pc{H,T) - pc(0, T)]/pc(0, T) 
at different temperatures for both configurations at a 
magnetic field H — 28 T. After the magnetic field in- 
duced onset suppression of superconductivity all sam- 
ples show a positive magnetoresistance at low fields. The 
maximum in Pc{H) observed at higher fields is followed 
by a region of negative magnetoresistance. Fig. |H| clearly 
shows the difference between the behavior of Pc{H) in 
the underdoped and overdoped crystals. At low temper- 
atures Pc in the overdoped regime shows a much stronger 
negative magnetoresistance compared to that observed 
in the underdoped regime. Such a behavior of Pc{H) has 
already been intimated in the Bi2212 system^Si. However, 
such a large difference between the underdoped and over- 
doped regimes in the slope of the negative magnetoresis- 
tance in Fig. has not previously been observed. Fur- 
thermore, in the heavily underdoped sample (p = 0.12) 
after an increase of pc at low fields due to the gradual 
suppression of superconductivity, pc decreases almost lin- 
early with increasing magnetic field up to ~ 28 T even at 
very low temperatures in contrast to the power-law field 
dependence previously reported in references pBs^. 

In Ref. [sj it was found that the field at which 
the excess "semiconducting" resistivity Apc{T) vanishes 
corresponds to the pseudogap closing field Hpg. A fit 
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FIG. 6: pc as a function of magnetic field applied parallel to the c-axis for different temperatures for Bi2201 samples with 
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temperatures for both configurations at a magnetic field iif = 28 T. The inset in (d) shows the c-axis conductivity for the same 
sample {p — 0.2). 



to the power-law dependence of Apc{H) for magnetic 
fields above the maximum in Pc{H) at different temper- 
atures allowed the authors of Ref.^ to find the field 
at which Apc vanishes and evaluate Hpg{T) beyond the 
available 60 T. Based on this suggestion, we tried to 
fit to a near linear field dependencies of Apc{H) in a 
log-log plot for p ~ 0.12 and p = 0.13 in order to 
evaluate Hpg at low temperatures in underdoped sam- 
ples. This evaluation gives exaggeratedly large values for 
Hpg « 2000 - 3000 T. In Ref. J^] it has also been found 
that Hpg and T* are related through the Zeeman-like ex- 
pression gfisHpg — ksT* , where g = 2 is the electronic 
(^-factor, pLB the Bohr magneton, and ks the Boltzmann 
constant. In our case such an analysis leads to physically 



meaningless values T* = 2700 — 4000 K. Other extrapola- 
tion polynomial fits gave the same physically meaningless 
values of Hpg. These results probably indicate that the 
method suggested in Ref. |32 for evaluating Hpg is un- 
successful in case of underdoped Bi2201 samples. 

We have tried to use such an extrapolation fit to our 
Pc{H) data for overdoped Bi2201. Fig. [T] shows a log- 
log plot of Pc{H) at various fixed temperatures for the 
overdoped sample with p — 0.2. It can be seen that the 
dashed straight lines, which are extensions of the linear 
dependencies, point to the limiting valua^ of Hpg, cor- 
responding to the intersection at 25 T. If Hpg ~ 25 T, 
then using the Zeeman-like expression T* is found to be 
~ 34 K. In the overdoped Bi2212 samples, the negative 



9 



0.1 



4.2 K 


^_2^K 1.15K 








y^XXX^I Hllc 








/ / P=0.2 





1 r — I — I — I 'i I I I 

1 10 

Magnetic field (T) 



FIG. 7: Log-log plot of pc versus magnetic field for various 
temperatures for the overdoped Bi2201 samples. 



magnetoresistance disappears at the same temperature 
at which the zero- field Pc(T) deviates from its character- 
istic linear (metallic) high-temperature dependence^S*^. 
This temperature in Ref. [sJl was identified as the pseu- 
dogap closing (opening) temperature T*. However, as 
can be seen from FigQJ the zero- field Pc{T) of sample 
with p — 0.2 deviates from a metallic linear (high) tem- 
perature dependence at T ~ 140 K, so that Hpg should 
be ~ 100 T. The sample with p = 0.16 does not show 
any linear T dependence (metallic state) up to 270 K ( 
suggesting that Hpg should be > 200 T). This result is 
clearly inconsistent. Moreover, in Fig.[7|one can see that 
even in case of overdoped Bi2201 samples there is only a 
finite range of magnetic field for which the Pc{H) data can 
be described by a power-la w^^i^^ dependence iJ" (dashed 
lines). Thi s result indicates that the method suggested 
in Ref. 32] for evaluating Hpg is unsuccessful in case of 
overdoped Bi2201 samples also. 

Once the magnetic field at which the negative mag- 
netoresistance vanishes is identified with the pseudogap 
closing field Hpg, our results clearly show that in the 
Bi2201 samples investigated here, the pseudogap closing 
temperature T* does not agree with the temperature at 
which the zero-field semiconducting-like temperature de- 
pendence of pc changes into a metallic dependence at 
higher temperatures as in the overdoped Bi2212-^. Since 
the metallic-like linear temperature dependence of the 
at -ff = T is a consequence of the high doping of 
the samples which is inevitably accompanied by a severe 
degradation of samples quality, we are unable to reach an 
unambiguous conclusion concerning the relation of Hpg 
with the deviation from the linear temperature depen- 
dence of Pc- 

However, on the other hand, in our slightly underdoped 
{p = 0.16) and overdoped {p = 0.2) Bi2201 crystals the 
negative magnetoresistance vanishes and the magnetore- 
sistance changes sign at ss 28 K, the inset in Fig.|S{c), and 
at 22 K, FigEJd). Thus, T* should be close to these 
temperatures. According to the the Zeeman-like expres- 
sion (Ref.HllI) the pseudo gap closing field scales with 
T* as gpsHpg = ksT* which implies that Hpg should be 
~ 21 T and ~ 16 T, respectively. 

In the slightly underdoped (j) — 0.16) and overdoped 



{p = 0.2) samples, the strong negative magnetoresis- 
tance rapidly weakens [Fig. EJ^c) and (d)] and clearly 
shows a saturation at high fields after more than a two- 
fold decrease. When the temperature-dependent data 
in Fig. Oc) and (d) are compared with Figs. EJc) and 
(d), it can be concluded that the observed negative 
magnetoresistance corresponds to a suppression of the 
semiconducting-like behavior in pc(T), which can in turn 
be interpreted as the magnetic-field induced suppression 
of the pseudogap. In previous measurements^ we have 
shown that all Pc{H) curves for Bi2201 single crystal with 
Tc ~ 7 K (overdoped) have a pronounced break-point in 
the derivative well above the Pc{H) peak, which shifts to 
higher fields with decreasing temperature and at T ~ Tc 
disappears. The field position of these break-points in the 
derivative coincide with the H*2 values determined from 
the Pab{H) curves. The values of H at which the log- log 
plot oi pc{H) deviates from a linear magnetic field depen- 
dence in Fig. [7| (shown by arrows) are in close agreement 
with the H*2 values for a Bi 2201 sa mple^ with Tc ~ 7 
K. As has been shown in Refs. |32l5^ . Hpg in Bi2212 does 
not depend on temperature for T < Tc and as T — > Hpg 
and the upper critical field, Hc2, coincide. This suggests 
again that the intersection points of the dashed straight 
lines in Fig. [7|is not Hpg as observed in Bi2212. On the 
other hand, if Hpg is determined from the disappearance 
of the negative magnetoresistance and, as pointed out 
above, Hpg « 21 T (p = 0.16) and Hpg « 16 T (p = 0.2), 
so that Hpg and H*2 in Bi2201 are closely linked as in 
Bi2212. 

Yurgens et alm^ measured the intrinsic-tunneling spec- 
tra of a La-doped Bi2201 (Tc=32 K) at T 4.5 - 300 K in 
order to determine the pseudogap phase diagram. Their 
phase diagrams show that for samples with p=0.16 and 
under, the pseudogap closing temperature T* is over 300 
K. These temperatures lie outside the range of our mea- 
surements. While for the overdoped sample with p=0.2, 
the value of T*=22 K found in our work agrees well with 
the pseudogap phase diagram of Yurgens et alm^. 

The negative magnetoresistance observed in our exper- 
iments show a characteristic exponential decrease with 
magnetic field. Fig. (Sfc) and (d), show numerical fits 
(the dashed curves) calculated using the functional form 
Pc{H,T) = pco + aexp^—H/bT), where a and b are con- 
stants. Our data in the slightly underdoped, optimally 
doped and overdoped regimes are well described by such 
a functional form. The possibility to describe Pc{H) by 
an exponential expression in H/T implies the magnetic- 
field couples to the pseudogap via the Zeeman energy of 
the spin degrees of freedorr^isSSi. 

In previous measurements of near optimally doped 
Bi2201 single crystals^i, we have found an isotropic be- 
havior of the normal-state magnetoresistance with re- 
spect to the orientation of the magnetic field (perpen- 
dicular and parallel to the Cu02 planes) which showed 
that only the effect of the magnetic field on the spins 
(Zeeman effect) is important in the normal state. Here a 
negative magnetoresistance is observed for both geome- 
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tries (H || c || J and H _L c || J) in all investigated crys- 
tals. In contrast to the magnetoresistance in the super- 
conducting state, the normal-state magnetoresistance of 
Pc is independent of the field orientation with respect to 
the current direction. For the slightly underdoped sam- 
ple [p = 0.16), this behavior can be seen in the inset in 
Fig.El(c). 

We observed the same behavior for the heavily under- 
doped sample {p = 0.12). The similarity in the normal- 
state data for the two field orientations, probably ex- 
cludes an explanation of the normal state negative out- 
of-plane magnetoresistance in terms of superconductiv- 
ity. 

It should especially be pointed out that in slightly un- 
derdoped, optimally doped and overdoped samples af- 
ter the field induced suppression of the superconduc- 
tivity and pseudogap for pc in high fields, the value of 
Pc (after the saturation of the magnetoresistance) re- 
mains much higher than the expected un-gapped value. 
A semiconducting-like temperature dependence of the 
out-of-plane resistivity pc is partly conserved even af- 
ter the suppression of the negative magnetoresistance at 
H > Hpg. It seems reasonable to conclude that the 
semiconducting- like temperature dependence of pc is con- 
trolled not only by the magnetic-field-sensitive pseudo- 
gap. 

In previous measurements'^'^ we have pointed out that 
in overdoped samples {Tc = 7 K) the maxima of Pc{H) 



coincide with the field positions of Pab{H) = 0.4/9"^ where 
is the normal-state resistivity. The observed maxi- 
mum in Pc{H) is a property of the mixed state and results 
from a competition between the "semiconducting" be- 
havior of Pc and the superconducting transition. In Fig.|S| 
we display the resistive transitions of the heavily under- 
doped [(a), p=0.12] and optimally doped [(b), p=0.17] 
samples in a magnetic field H||c|| J at temperatures « 1.9 
K. It can be see that after the maximum in pc{H), the 
Pab{H) curves still show a strong positive magnetoresis- 
tance, clearly originating from the superconducting state. 
In this range of magnetic fields a superconducting gap 
still persists and part of the current along the c-axis is a 
quasiparticle tunneling current. In the underdoped sam- 
ple with lower Tc the superconducting gap is small and 
closes rapidly when magnetic field is applied. The resis- 
tive transition to the normal state is completed at « 10 T 
(the weak increase of the normal-state pab resistivity is 
due to a magnetoresistance contribution at high mag- 
netic fields). The negative magnetoresistance at > 10 
T displayed by Pc{H) in Fig.lH^a) is isotropic and is due 
to the magnetic-field induced suppression of the pseudo- 
gap. Since in the underdoped samples the magnitude of 
the pseudogap is large, the effect of the magnetic field is 
small and the negative magnetoresistance does not satu- 
rate in the available magnetic field range [Fig. El^a) , (b)] . 
In the optimally doped [Fig. ISfb)] , slightly underdoped 
and overdoped [Fig. IHfc), (d)] samples because Hc2 is 
large, the major contribution to the anisotropic nega- 
tive magnetoresistance in the Pc{H) curves is due to the 
gradual decrease of the superconducting gap (in Fig. [7| 
the end of the superconducting transition is indicated by 
arrows). Since in these samples the magnitude of the 
pseudogap is small, the negative magnetoresistance con- 
nected with the pseudogap rapidly saturates following 
the superconducting transition [Fig.|Sl(c), (d)]. However, 
as previously pointed out the value of pc remains much 
higher than the expected un-gapped value. Recently it 
has been shown that the negative magnetoresistance in 
the superconducting state can also be described by the 
Zeeman-like expression's. This explains why it is possi- 
ble to describe completely all curves Pc{H) in Fig. EJc), 
(d) using an expression which is exponential in H/T in 
both the superconducting and normal states. 



IV. CONCLUSION 

We have presented the temperature dependence for 
both in-plane pab and out-of-plane pc resistivities and 
magnetoresistivities pab{H) and Pc{H) in hole-doped La- 
free Bi2201 cuprate for a wide doping range and over a 
wide range of temperatures down to 40 mK. We have 
shown that the temperature and magnetic field depen- 
dence of the in-plane and out-of-plane resistivities are 
determined by the localization, the superconducting gap 
and the normal-state pseudogap. The data suggest that 
the metal-to-insulator crossover in Bi2201 lies in the un- 
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derdoped region (p < 0.16). The metallic behavior of 
Pab{T) gradually changes to insulating behavior with de- 
creasing carrier concentration. We did not observe any 
evidence for a log(l/T) divergence of pab and pc at very 
low temperatures in underdoped Bi2201 single crystals. 
The out-of-plane resistivity pc of the slightly underdoped 
and overdoped samples below Tc in the highest applied 
fields shows almost no temperature dependence. Our 
data strongly suggest that the negative out-of-planc mag- 
netoresistance appears to be governed by different mech- 
anisms; the main contribution comes from the transition 
to the normal state which gives rise to a strong magnetic 
field dependence, while the non-superconducting pseudo- 
gap, shows a much weaker magnetic field dependence and 
therefore only gives a small contribution to the negative 



out-of-plane magnetoresistancc. A semiconducting-like 
temperature dependence of the out-of-planc resistivity 
pc is conserved in part even after the suppression of the 
negative magnetoresistance and at magnetic fields above 
the pseudogap closing field Hpg. Our data support that 
the pseudogap does not correlate with the existence of 
superconducting gap. 



Acknowledgments 

We thank V.P.Martovitskii for the careful X-ray stud- 
ies of the single crystals. This work has been partially 
supported by NATO grant PST.CLG. 979896. 



^ N. Morozov, L.Krusin-Elbaum, T. Shibauchi, L. Bu- 
laevskii, M. Maley, Y. Latyshov, and T. Yamashita, Phys. 
Rev. Lett. 84, 1784 (2000). 

^ S. Martin, A. Fiory, R. Fleming, L. Schnccmcyer, and 
J.V.Waszczak, Phys. Rev. B 41, 846 (1990). 

^ G. Briceno, M. Crommie, and A. Zettl, Phys. Rev. Lett. 
66, 2164 (1991). 

* L. Foro, Phys. Lett.s A 179, 140 (1993). 

^ Y. Ando, G. Boebinger, A. Passner, N. Wang, C. Geibel, 
and F. Steglich, Phys. Rev. Lett. 77, 2605 (1996), [Erra- 
tum Phys. Rev. Lett. 79, 2595 (1997)]. 

® K. Nakao, K. Takamuku, K. Hashimoto, N. Koshizuka, and 
S.Tanaka, Physica B 201, 262 (1994). 
Y. Yan, P. Matl, J. Harris, and N.P.Ong, Phys. Rev. B 52, 
R571 (1995). 

® A. Wahl, D. Thopart, G. Villard, A. Maignan, V. Hardy, 
J. Soret, L. Ammor, and A. Ruyter, Phys. Rev. B 60, 
12495 (1999). 

^ G. Heine, W. Lang, X. Wang, and S. Dou, Phys. Rev. B 
59, 11179 (1999). 

Y. Ando, G. Boebinger, A. Passner, L. Schneemeycr, 
T. Kimura, M. Okuya, S. Watauchi, J. Shimoyama, 
K. Kishio, K. Tamasaku, ct al., Phys. Rev. B 60, 12475 

(1999) . 

T.Kimura, S. Miyasaka, H. Takagi, K. Tamasaku, 
H. Eisaki, S.Uchida, K. Kitazawa, M. Hiroi, M. Sera, and 
N. Kobayashi, Phys. Rev. B 53, 8733 (1996). 

^'^ N. Husscy, J. Cooper, Y. Kodama, and Y. Nishihara, Phys. 
Rev. B 58, R611 (1998). 

13 R. Yoshizaki and H.Ikeda, Physica C 271, 171 (1996). 

" A. Leggett, Brazilian J. Phys. 22, 129 (1992). 

1^ P. Anderson, Phys. Rev. 189, 1492 (1958). 

1® G. Boebinger, Y. Ando, A. Passner, T. Kimura, M. Okuya, 
J. Shimoyama, K. Kishio, K. Tamasaku, N. Ichikawa, and 
S. Uchida, Phys. Rev. Lett. 77, 5417 (1996). 

^'^ P. Fournier, P. Mohanty, E. Maiscr, S. Darzons, 
T. Venkatesan, C. J. Lobb, G. Czjzek, R. A. Webb, and 
R. L. Greene, Phys. Rev. Lett. 81, 4720 (1998). 

1® S. Ono, Y. Ando, T. Murayama, F. F. Balakirov, J. B. 
Betts, and G. S. Boebinger, Phys. Rev. Lett. 85, 638 

(2000) , and references thcrin. 

1^ H. Ding, T. Yokoya, J. Campuzano, T. Takahashi, M. Ran- 
deria, M. Norman, T. Mochiku, K. Kadowaki, and J. Gi- 



apintzakis. Nature (London) 382, 51 (1996). 
^° C. Berthier, M.-H. Julien, O. Bakharev, M. Horvatic, and 

P. Segransan, Physica C 282-287, 227 (1997). 
^1 C. Renner, B. Revaz, J.-Y. Genoud, K. Kadowaki, , and 

O. Fischer, Phys. Rev. Lett. 80, 149 (1998). 

V. Emery and S. Kivelson, Nature (London) 374, 434 

(1995). 

^3 T. Hotta, M. Mayr, and E. Dagotto, Phys. Rev. B 60, 

13085 (1999). 

J. Maly, B. Janko, , and K. Levin, Phys. Rev. B 59, 1354 

(1999) . 

M. Suzuki and T. Watanabe, Phys. Rev. Lett. 85, 4787 

(2000) . 

^® G. qing Zheng, W. G. Clark, Y. Kitaoka, K. Asayama, 
Y. Kodama, P. Kuhns, and W. G. Moulton, Phys. Rev. B 

60, 9947 (1999). 

K. Gorny, O. M. Vyasclev, J. A. Martindalc, V. A. Nandor, 
C. H. Pennington, P. C. Hammel, W. L. Hults, J. L. Smith, 
P. L. Kuhns, A. P. Reyes, et ak, Phys. Rev. Lett. 82, 177 
(1999). 

V. F. Mitrovic, H. N. Bachman, W. P. Halperin, M. Es- 
chrig, and J. A. Sauls, Phys. Rev. Lett. 82, 2784 (1999). 

^'^ T. Watanabe, T. Fujii, and A. Matsuda, Phys. Rev. Lett. 
79, 2113 (1997). 

3° B. Batlogg and V. Emery, Nature (London) 382, 20 (1996). 

31 S.I.Vedeneev, A. Jansen, and P. Wyder, Phys. Rev. B 62, 
5997 (2000). 

32 T. Shibauchi, L. Krusin-Elbaum, M. Li, M. P. Maley, and 
P. Kcs, Phys. Rev. Lett. 86, 5763 (2001). 

33 S. Vedeneev, A. Jansen, E. Haanappel, and P. Wyder, 
Phys. Rev. B 60, 12467 (1999). 

3* A. Maeda, M. Hase, I. Tsukada, K. Noda, S. Takebayshi, 

and K. Uchinokyra, Phys. Rev. B 41, 6418 (1990). 
3^ R. Fleming, S. Sunshine, L. Schnccmcyer, R. V. Dover, 

R. Cava, P. Marsh, J. Waszczak, S. Glarum, and S. Zahu- 

rak, Physica C 173, 37 (1991). 
36 J. Harris, P. J. White, Z.-X. Shen, H. Ikeda, R. Yoshizaki, 

H. Eisaki, S. Uchida, W. D. Si, J. W. Xiong, Z.-X. Zhao, 

ct al, Phys. Rev. Lett. 79, 143 (1997). 
3^^ S. Ono and Y. Ando, Phys. Rev. B 67, 104512 (2003). 
3* J. Gorina, G. Kaljuzhnaia, V. Ktitorov, V. Martovitsky, 

V. Rodin, V. Stepanov, and S. Vedeneev, Solid State Com- 

mun. 91, 615 (1994). 



12 



V. Martovitsky, J. Gorina, and G. Kaljuzhnaia, Solid State 
Commun. 96, 893 (1995). 

E. Sender, B. Chakoumakos, and B. Sales, Phys. Rev. B 
40, 6872 (1989). 

G. Villard, D. Pelloquin, and A. Maignan, Phys. Rev. B 
58, 15231 (1998). 

S. Ooi, T. Shibauchi, and T. Tamegai, Physica C 302, 339 
(1998). 

B. Logan, S. Rice, and R. Wick, J. Appl. Phys. 42, 2975 
(1971). 

Y. Idemoto, H. Tokunaga, and F. Fueki, Physica (Amster- 
dam) 231C, 37 (1994). 

Y. Ando, Y. Hanaki, S. Ono, T. Murayama, T. Scgawa, 
N. Miyamoto, and S. Komiya, Phys. Rev. B 61, R14956 
(2000). 

S. Vedeneev, A. Jansen, and P. Wyder, Zh.Eksp.Teor.Fiz. 
117, 1198 (2000), [Sov. Phys. JETP, 90, No 6,1042-1049 
(2000)]. 

R. Bel, K. Behnia, C. Proust, P. van der Linden, D. Maude, 
and S. Vedeneev, Phys. Rev. Lett. 92, 177003 (2004). 

H. Y. Hwang, B. Batlogg, H. Takagi, H. L. Kao, J. Kwo, 
R. J. Cava, ,]. ,]. Krajewski, and W. F. Peck, Phys. Rev. 
Lett. 72, 2636 (1994). 

T. W. Jing, N. P. Ong, T. V. RamakrishnanA, J. M. Taras- 



con, and K. Remschnig, Phys. Rev. Lett 67, 761 (1991). 
^° P. Lee and T. Rarnaktishnan, Rev. Mod. Phys. 57, 287 
(1985). 

A. T. Fiory, M. A. Paalanen, R. R. Ruel, L. F. 
Schneemeyer, and J. V. Waszczak, Phys. Rev. B 41, 4805 
(1990). 

®^ A.A.Tsvetkov, J.Schutzmann, J. I. Gorina, 

G.A.Kaljushnaia, and D. van der Marel, Phys. Rev. 
B 55, 14152 (1997). 

•'■^ V. Kresin and S. Wolf, Phys. Rev. B 41, 4278 (1990). 
Y. Ando, G. Boebinger, A. Passner, T. Kimura, and 
K. Kishio, Phys. Rev. Lett. 75, 4662 (1995). 
N. Wang, B. Buschinger, C. Geibel, and F. Steglich, Phys. 
Rev. B 56, 130 (1997). 

T. Shibauchi, L. Kmsin-Elbaum, G. Blatter, and C. H. 
Mielke, Phys. Rev. B 67, 064514 (2003). 
^'^ T. Watanabe, T. Fujii, and A. Matsuda, Phys. Rev. Lett. 
84, 5848 (2000). 

A. Yurgcns, D. Winkler, T. C. S. Ono, and Y. Ando, Phys. 
Rev. Lett. 90, 147005 (2003). 

P. Fieri, G. C. Strinati, and D. Moroni, Phys. Rev. Lett. 
89, 127003 (2002). 



